Ge(113) reconstruction stabilized by subsurface interstitials: An x-ray diffraction structure analysis by Vogler, H. et al.
PHYSICAL REVIEW B 15 JANUARY 1998-IIVOLUME 57, NUMBER 4Ge113 reconstruction stabilized by subsurface interstitials:
An x-ray diffraction structure analysis
H. Vogler, A. Iglesias, and W. Moritz
Institut fu¨r Kristallographie der Universita¨t Mu¨nchen, Theresienstrasse 41, D-80333 Mu¨nchen, Germany
H. Over
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin, Germany
~Received 22 September 1997!
The three-dimensional atomic coordinates of the Ge~113!-~331! surface have been determined by analyzing
in-plane and out-of-plane x-ray intensity data. Besides dimer and adatom motifs, which reduce the number of
dangling bonds, a random distribution of subsurface interstitials has been identified. Subsurface interstitials
relieve elastic stress and lower the energy of the electronic system. Together with the delicate balance between
the energy gain due to reduction of dangling bonds and the energy costs due to induced strain this determines
the nature of the ~331! reconstruction of Ge~113!. @S0163-1829~98!02003-7#The ~113! surfaces of Si and Ge are distinctively stable1,2
revealing a surface energy almost as low as that found for the
@001# orientation.3 To attain this low surface energy, both
~113! surfaces undergo heavy reconstructions exhibiting ei-
ther ~331! or ~332! periodicity depending on the
temperature.4 Until now the atomic geometry of these sur-
faces and the structural elements stabilizing this orientation
have not been identified unambiguously. In principle it can
be expected that the same structural elements as found on the
~001! and the ~111! faces are also operative at the ~113!
orientation, since the bulk-truncated ~113! surface consists of
atoms with one and with two dangling bonds.
The stabilization of the low-index ~001! and ~111! sur-
faces of elemental semiconductors is well understood, and is
mainly controlled by the reduction of the number of dangling
bonds at the surface without introducing too much strain.5
Mainly two structural elements meeting this principle have
been identified so far. Most notably, the so-called adatoms
are able to saturate three dangling bonds on ~111! surfaces
while creating only one dangling bond. This structural motif
is known to stabilize the clean Ge(111)-c(238) surface,6
and is also a major stabilizing factor of the dimer-adatom-
stacking-fault ~DAS! model of the clean Si~111!-~737!
surface.7 The second structural element that effectively re-
duces the number of dangling bonds is found on ~001! sur-
faces, whose bulk-truncated structure consists of atoms car-
rying two unsaturated bonds. In pairing up two adjacent
atoms, i.e., forming so-called dimers, the number of dangling
bonds can be halved; this structural element was first pro-
posed by Schlier and Farnsworth.8
The bulk-truncated ~113! surfaces of Si and Ge expose
two types of atoms: one with two dangling bonds as on the
~001! surface, and one with one dangling bond as on ~111!.
Applying the above-mentioned simple principle for the sta-
bilization of semiconductor surfaces, Ranke9 proposed sev-
eral reasonable structure models among which one was re-
cently shown by a low-energy electron-diffraction ~LEED!
structure analysis to describe the atomic geometry of the
Si~113!-~331!-H surface.10 The main structural elements of
this model consist of dimers formed by two out of three570163-1829/98/57~4!/2315~6!/$15.00~001!-like atoms and of ~111!-like atoms which act as ada-
toms if the attached unpaired ~001!-like atom is removed.
The resulting structure then has ~331! periodicity containing
one dimer and two adatoms per ~331! unit cell ~referred to
as the DA model!. The dimer is part of a ~more or less!
coplanar five-atom ring which is called a pentamer in the
following. When the clean ~332! surface is exposed to
atomic hydrogen at room temperature, the ~331!-H structure
is formed without substantial mass transport.11 Therefore, it
can be concluded that the structural building blocks of the
~331!-H are also to be present in the clean ~332! reconstruc-
tion. However, this structure model is far from being com-
pelling, since the number of dangling bonds is still quite
large, and the adatoms induce marked tensile stress into the
surface region. This situation may call for an additional
structural unit which is mobile enough to account for the
ready transition between these ~332! and ~331! reconstruc-
tions, and which further reduces the surface energy. On the
basis of a combined investigation using density-functional-
theory ~DFT! calculations and scanning tunneling micros-
copy ~STM!3 this missing structural element has been pro-
posed to be interstitial atoms beneath every second pentamer
although very recently this model has been questioned by
several authors.12,13
Up to now, this structural element has not been identified
with a surface-crystallographic method. The present surface-
x-ray-diffraction ~SXRD! structure analysis will fill this gap
by supplying direct evidence of these interstitial atoms and,
in addition, providing detailed three-dimensional crystallo-
graphic data of the clean Ge~113! surface. We chose Ge
instead of Si since this substrate is easier to measure with
SXRD due to its stronger scattering power. Generally, struc-
tural results of Ge surfaces agree quite well with correspond-
ing results of Si counterparts, taking the different lattice con-
stants into account. Therefore, the structural results presented
here for the Ge~113! surface should be directly transferable
to the case of the Si~113! surface.
A commercially available Ge waver ~not doped! was cut
along the @113# direction, and mechanically polished using
diamond paste and syton ~0.25-mm granulation size!. The2315 © 1998 The American Physical Society
2316 57H. VOGLER, A. IGLESIAS, W. MORITZ, AND H. OVERFIG. 1. ~a! Fourier difference map for the Ge~113!-~331! DA model, i.e., no interstitial atom beneath the pentamers, and the experi-
mental data. ~b! Fourier difference map for the Ge~113!-~331! DAI model, i.e., every pentamer carries an interstial atom. Positive contours
~solid lines! and negative contours ~dashed line! indicate that something in the structure model is missing or too much, respectively. The
distance between consecutive contour lines is 0.04e/Å3. The small squares indicate the position of the center of the pentamer where the
interstitial atom should be located. ~c! The ~331! unit cell with and without interstitial atoms beneath ~white spheres! the pentamers is used
for the electron-density difference plots in ~a! and ~b!.deviation of the surface normal from the @113# direction was
less than 0.1°. Under ultrahigh-vacuum ~UHV! conditions
(,1028 Pa) the crystal was prepared by repeated cycles of
Ar1-ion bombardment at 500 eV and 900 K, followed by
annealing at 1180 K for several minutes and slow cooling to
room temperature. Auger measurements indicated a clean
surface. At room temperature the LEED pattern of the clean
Ge~113! surface exhibits very sharp ~331! spots with very
weak and diffuse ~332! spots. From the width of the ~331!
spots in both LEED and SXRD the terrace width was esti-
mated to be larger than 2000 Å.
The SXRD measurements were performed at the W1 wig-
gler beam line of the Hamburg Synchrotron Radiation Labo-
ratory HASYLAB with 0.32° x-ray incidence angle using a
wavelength of 1.2 Å. We confined the measurements to
~331! spots. In total, a data set of 451 symmetrically inde-
pendent ~331! reflections was recorded containing 43 in-
plane and 408 out-of-plane reflections along 21 superstruc-
ture rods in steps of Dl50.5. The in-plane data set wasmeasured up to a momentum transfer of 8.6 Å21, corre-
sponding to a diffraction angle of 110°. The diffractometer
allows a maximum beam exit angle of 70° which corre-
sponds to a maximum momentum transfer perpendicular to
the surface of l512, i.e., Dqz54 Å21 (a3518.76 Å).14 The
raw x-ray data were corrected for the active sample area,
polarization, and Lorentz factor15 prior to analysis.
We started our analysis by first considering those models
reported by Ranke.9 Using the full data set, the best fit could
be achieved with the DA model @~331!-2 in Ref. 9#, which
was also found for the ~331!-H phase on Si~113!, arriving at
a weighted r factor Rw of 18%. Unfortunately, the optimized
bond lengths were partly too long as, e.g., the distance be-
tween atom 5 and 17 ~cf. Fig. 2!. Restricting the Ge coordi-
nates in a way that the Ge-Ge bond lengths were shorter than
2.85 Å and longer than 2.25 Å ~bulk Ge-Ge: 2.45 Å!, the
best r factor reached with the DA model turned out to be
28%, a value which is unacceptably high. The best r factors
reached with the models ~331!21 and ~332!21 from Ref.
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values are far too high, and therefore these models can
clearly be ruled out. In a next step we focused on the DA
model using in-plane data only. The optimum r factor be-
tween theory and experiment turned out to be 20.0%. Using
the calculated diffraction amplitudes we performed a differ-
ence Fourier synthesis15 from which missing structural ele-
ments may be identified. The difference Fourier plot shown
in Fig. 1~a! indicates, among other maxima, a strong maxi-
mum at the position where the interstitial atoms should be
located, i.e., around the center of the pentamer. The appear-
ance of the other maxima in the difference Fourier plot indi-
cates that not only a single structural element is missing, but
that there are far-reaching relaxations within the surface,
such as interstitial-atom-induced displacements. Therefore,
we tested a modified DA model containing one interstitial
atom under each pentamer. The best r factor reached with
this dimer-adatom-interstitial ~DAI! model using the com-
plete experimental data set was 22%, again giving partly
unrealistic bond lengths. The difference Fourier synthesis of
the DAI model, however, indicates negative intensities at the
positions of the interstitials, i.e., too many interstitial atoms
in the structure model @cf. Fig. 1~b!#. Therefore, we consid-
ered a modified DAI model for which only a fraction of the
pentamers carries a subsurface interstitial atom. Since the
insertion of interstitial atoms causes the surrounding atoms
to move away from their original positions, the analysis now
needs the weighted mixing of diffraction amplitudes calcu-
lated separately for the configuration with and without inter-
stitials; the weighting factor is given by the fraction of pen-
tamers containing interstitial atoms. This is a standard
procedure in three-dimensional ~3D! x-ray diffraction ~the
method of split positions16!. Accordingly, the number of
structural parameters to be optimized in this analysis
doubles, although this does not impose a severe problem
since the experimental data set is large enough ~cf. the dis-
cussion below!. We have to refine 32 in-plane parameters, 22
out-of plane parameters, one occupation factor, and two scal-
ing factors ~due to the different resolution of in-plane and
out-of plane data!. Altogether these are 59 parameters.
In the following we will elaborate on the question
whether our experimental data set is sufficient to determine
the atomic geometry of the DAI model with confidence. We
measured the out-of-plane data along the lattice rods in steps
of Dl50.5, or Dqz50.17 Å21. It seems plausible that the
data are not all independent, but most of them are. To our
knowledge, there does not exist a detailed investigation at
which interval in reciprocal space the data points are inde-
pendent in SXRD. In 3D structure crystallography the inten-
sities at the Bragg points are usually considered as indepen-
dent. Therefore, a very conservative estimate of the number
of independent data points in SXRD might be provided by
the following argument. We refined the z coordinates up to
about 6 Å. From a simple estimation ~adopted from 3D x-ray
crystallography!16 our experimental data set contains at least
180 independent points as the number of measured reflec-
tions due to a crystal with the lattice constants
12313.7636 Å3 is about 180. This number alone would
allow us to determine all 59 parameters, though the redun-
dancy is marginal if all parameters were equally important.
This, however, is not the case. The number of free param-eters in the top two double layers amounts to 25. These pa-
rameters determine essentially the structure of the DAI
model, namely, the pentamer, the adatom, and the interstitial
site as well as the relaxation around the interstitial atom. The
structure refinement of these 25 parameters already leads to
an R value of 0.12; if all positions in the top four double
layers are included, we have 59 parameters and the r value
drops to 0.10. The atomic positions in the deeper layers dif-
fer only slightly from their bulk positions. The main features
of the structure model are obtained from 25 parameters and
at least 180 independent data points. This is a very reason-
able relation even in bulk structure determination. It should
also be taken into account that the additional reflections on
the lattice rod between the independent ones enhance the
resolution and reduce the errors. It is also interesting to note
that even the structure refinement using the in-plane data
alone, which only allows us to determine the projection of
the structure, leads to a clear preference for the interstitial
model with an R value of 0.12, for the other models the R
values were R50.18, 0.3, and 0.5. It can therefore be clearly
concluded that the only model giving convincing agreement
between measured and calculated data is the interstitial
model.
The best-fit model is shown in Fig. 2. From corresponding
r factors summarized in Fig. 3, it is apparent that a fraction
of about 50% brings about the best fit exhibiting Rw
510.6% and a goodness of fit of 1.7. The value of 50%
interstitials is in good agreement with the DAI model origi-
nally proposed for the Si~113!-~332! surface;3 in Ref. 3 an
interstitial atom sits only beneath one of the two pentamers
per ~332! cell. In Table I the best-fit Ge coordinates for the
DAI model with 50% interstitial atoms are compiled; the
numbering of the Ge atoms corresponds to that shown in Fig.
2. The theory-experiment agreement can be judged from Fig.
4. Further models tested were an asymmetry model recently
proposed from STM measurements,12 and buckled dimers in
the DA model ~i.e., the puckered model12!. The agreement
was in both cases significantly worse than with the interstitial
model ~43% and 26%, respectively! and can therefore clearly
be ruled out.
From LEED and also from SXRD the ~331! phase ap-
pears very well ordered, i.e., with a low density of antiphase
boundaries and steps. This was indicated by the narrow spot
profiles reflecting ~331! domain sizes larger than 2000 Å.
On the other hand, the ~332! periodicity is poorly devel-
oped, exhibiting diffuse and broad diffraction features. The
size of the ~332! domains derived from the width of the
corresponding reflections was about 25–30 Å, consistent
with recent spot profile analysis low-energy electron-
diffraction ~SPALEED! measurements.17 This leads to the
suggestion that the ~332! ~331! transformation is an
order-disorder transition belonging to the Ising model; note
that intensities of ~331! reflections are not affected by this
disordering process because the interstitials are always in
registry with the ~331! periodicity. Since the SXRD mea-
surements were performed at room temperature, it is hard to
differentiate from our measurements whether this disorder-
ing is thermally induced by an order-disorder transition or
just a frozen-in phase. A recent STM study indicated, how-
ever, that at room temperature the ~331! phase on Ge~113!
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tent with a frozen-in phase. High-resolution LEED at 80 K
~Ref. 17! demonstrates that the preparation of a better-
ordered ~332! structure requires a very slow cooling from
1000 K to 80 K over 3 h. This may point toward a low
mobility of the interstitial atoms ~or to a too-small energy
gain by ordering! which prevents the ~113! surface from or-
dering with ~332! periodicity. Quite surprising is the fact
that interstitial atoms are resistant against contamination
from the residual gas, since they persist on the surface for
several days. Surface contamination may, however, disorder
the array of interstitial atoms since ~332! spots diminished
rapidly with time. As pointed out in Ref. 18, the majority of
interstitial atoms may stay in the subsurface region rather
than dissolve into the bulk, as the formation energy for bulk
FIG. 2. ~a! Top view of the structure of Ge~113! with disordered
distribution of interstitials. The 332 unit cell is indicated. ~b! Top
and side views show a part of the structure containing an unoccu-
pied ~left! and one occupied ~right! subsurface interstitial site. The
numbering of the atoms is used in the text and in Table I. The
presence of the interstitial atom 9 causes the pentamer ~8,10,11! to
move upward by about 1 Å relative to pentamer ~1,3,5!.self-interstitials is too high ~3 eV in Si!.18
Let us now discuss the structural details of the Ge~113!-
~331! surface; in the following the numbers in parentheses
are related to Ge atoms as labeled in Fig. 2. The Ge adatom
~2! binds to atoms ~7! and ~4! with bond lengths of 2.30 and
2.49 Å, respectively. Both distances are substantially shorter
than that observed for Ge(111)-c(238) ~2.60 Å.19 This
might indicate a charge transfer away from the adatom, leav-
ing this atom in a more planar sp2-type bond configuration,
TABLE I. Ge coordinates in Å of the clean reconstructed
Ge~113! surface on the basis of the DAI model with random occu-
pation of subsurface interstitials beneath the Ge tetramers. The
numbering of atoms corresponds to that used in Fig. 1. A fixed
Debye temperature of 374 K was used. Numbers with asterisks
indicate that those parameters were not optimized.
Ge atom x coordinate y coordinate z coordinate
1 1.2360.04 0.0* 4.3560.07
2 6.00* 1.2760.07 4.4160.11
3 2.0260.02 2.5260.05 3.9560.09
4 4.3360.01 2.7660.01 3.8660.07
5 0.0* 3.6660.05 3.8060.07
6 4.1560.04 5.0760.09 2.6260.09
7 0.0* 5.9260.07 2.9160.11
8 0.0* 4.0460.05 4.9960.09
9 0.0* 1.8560.04 3.5660.09
10 1.3660.04 0.0* 5.2960.09
11 2.1960.02 2.4060.05 5.1560.09
12 4.1760.04 5.1260.10 3.3660.09
13 0.0* 5.9460.07 3.4660.11
14 6.00* 1.3860.05 4.7360.09
15 6.00* 5.8360.05 1.5460.09
16 2.0160.01 5.9360.05 1.7760.09
17 0.0* 1.8460.01 1.7460.15
18 3.9060.01 1.7360.05 1.5760.11
19 0.0* 1.5460.12 1.2360.11
20 2.0* 2.2260.07 20.1660.11
21 2.0* 4.6660.05 20.3360.11
22 6.0* 2.1260.07 20.1160.13
23 6.00* 4.5360.05 20.4960.11
FIG. 3. R-factor as a function of the interstitial concentration for
the dimer-adatom-interstitial ~DAI! model of the Ge~113!-~331!
reconstruction with a random distribution of interstitials. The opti-
mum concentration is 50%610%.
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like Ge atoms ~1! and ~10! pair up to form dimers, and are
part of the five-atom rings, so-called pentamers. While the
pentamers without interstitial atoms are buckled by 0.53 Å,
the pentamers with interstitial atoms are flatter ~with a cor-
rugation of only 0.3 Å!. The dimer bond length in the unper-
FIG. 4. ~a! Comparison between the measured ~filled half-
circles! and calculated ~open semicircles! in-plane structure-factor
intensities for the DAI model with 50% interstitals. The radii of the
half-circles are proportional to the structure-factor amplitudes, the
area to the intensities. ~b! Structure-factor intensities of 21
fractional-order rods of the Ge~113!-~331! reconstruction as a func-
tion of the perpendicular momentum transfer in units of b3. The
solid line are calculated intensities for the DAI model with 50%
interstitials and atomic coordinates as given in Table I.turbed pentamer of 2.47 Å agrees well with the dimer bond
lengths found for the Ge~001!-~231! phase ~2.46 Å!.20 By
contrast, the dimer bond length in the perturbed pentamer is
markedly elongated ~2.72 Å!, suggesting that the submerged
interstitial atom in this way relieves some of the dimer-
induced strain in the surface region. The most prominent
distortion due to the insertion of interstitials under the pen-
tamers is the upward shift of the entire pentamer by about 1
Å; this structural feature has not been disclosed by recent
DFT calculations.3 The relaxation is necessary to accommo-
date the interstitial atom ~9! beneath the pentamer creating
bondings to neighboring atoms with reasonable bond
lengths. Together with the smaller corrugation of the pen-
tamer @the outward displacement of atom ~8! by 0.2 Å# the
outward shift of the whole pentamer does efficiently relieve
the tensile stress introduced by the next adatom in the @332¯#
direction. The bonding of interstitial ~9! to atom ~19! is the
strongest, with a bond length of 2.3560.10 Å. Weaker bonds
are formed between the interstitial and dimer atoms ~2.6–2.8
Å!.
This current discussion might give the impression that the
presence of interstitials on Ge~113! is strictly related to their
high ability to relieve strain in the surface region. If so, the
question would arise why the density of interstitials is only
50% and not 100%. Besides electronic effects, this could be
due to repulsion between the interstitial-induced strain fields.
However, if mechanical considerations were so important,
the interstitials should readily order into a ~332! network.21
Since the ~332! phase is poorly ordered, electronic effects
are expected to play a major role.
From DFT calculations22 it follows that 50% interstitials
in the ~331! cell transforms the otherwise metallic surface
into a semiconducting one, which in turn reduces the energy.
Disordering of interstitials will leave the Ge~113! surface
semiconducting, thus not changing the energetics very much
as long as elastic contributions are less important. The pen-
tamer of Ge atoms forms three bonds with the interstitial
atom, so that eventually two electrons of this complex are
not participating in any bonding. These electrons might be
transferred to the adatoms, as suggested in Ref. 22, and con-
sistent with STM images. However, such a charge transfer
should move the adatoms outwards rather than inwards as
found in the present SXRD analysis. Together with the found
interstitial-induced upward shift of the whole pentamer by
about 1 Å, the present structure analysis raises questions
about the electronic structure of that surface, which in turn
might trigger further theoretical investigations.
Finally, we should emphasize again that the structural re-
sults found for the Ge~113! surface are very likely to be
equally valid for the Si~113! surface, since electronic prop-
erties and the reaction against H adsorption, as well as their
temperature behavior @~331! ~131! phase transition# have
been shown to be very much alike.11,23,24
In summary, we have shown that the ~331! reconstruc-
tion of Ge~113! is not only characterized by dimer and ada-
tom motifs reducing the number of dangling bonds, but also
exhibits a random distribution of subsurface interstitials.
Subsurface interstitials partly relieve the tensile stress intro-
duced by adatoms and dimers, but their main effect is pre-
sumably an electronic one in that interstitials make the sur-
face semiconducting regardless of whether they form
2320 57H. VOGLER, A. IGLESIAS, W. MORITZ, AND H. OVERan ordered or a disordered array. Three-dimensional atomic
coordinates have been determined by analyzing an extended
set of in-plane and out-of-plane x-ray intensity data.
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